ABSTRACT: Electrical activation of optical transitions to parityforbidden dark excitonic states in individual carbon nanotubes is reported. We examine electric-field effects on various excitonic states by simultaneously measuring photocurrent and photoluminescence. As the applied field increases, we observe an emergence of new absorption peaks in the excitation spectra. From the diameter dependence of the energy separation between the new peaks and the ground state of E 11 excitons, we attribute the peaks to the dark excited states which became optically active due to the applied field. Fieldinduced exciton dissociation can explain the photocurrent threshold field, and the edge of the E 11 continuum states has been identified by extrapolating to zero threshold.
T he rich physical properties of single-walled carbon nanotubes make them a promising material for nanoscale photonic and optoelectronic devices, 1 and therefore manipulation of their optical transitions has important implications. The strong Coulomb interactions due to the limited screening in quasi-one-dimensional systems result in optical spectra dominated by tightly bound excitons with binding energies of more than a few hundred meV. 2−5 These excitons have a series of excited states in a manner similar to the Rydberg states in atomic hydrogen, and they have either odd (u) or even (g) parity because of the K and K′ valleys in the momentum space being equivalent. 5−8 Since one-photon transitions require a parity change, the odd excitonic series (1u, 2u, 3u, ...) are bright, while the even excitonic series (1g, 2g, 3g, ...) are dipoleforbidden dark states. 6−8 These dark states have been studied by two-photon excitation spectroscopy that allows for same-parity transitions, 4, 6, 8 and photoluminescence (PL) measurements under strong magnetic fields have been used as well. 9−12 It is expected that electric fields also cause the dark states to become optically active because of wave function mixing, 13 and it gives rise to interesting phenomena such as exciton dissociation, Stark shift, and Franz−Keldysh oscillations. 14−21 In particular, the activation of the dark states could be a key to developing efficient nanotube-based photodetectors and photovoltaic devices, but a well-controlled experiment has been lacking. Although electroabsorption spectra have been interpreted by state-mixing effects, 22 complicated spectra for an ensemble of nanotubes result in large uncertainties. Spectral diffusion has been attributed to impurity-induced fields, 23 while their fluctuating nature makes it difficult to draw quantitative conclusions.
Here we report on the electrical activation of the parityforbidden dark excitonic states in individual carbon nanotubes. By simultaneously measuring both photocurrent (PC) and PL, electric-field effects on excited excitonic states are investigated. When the applied field is increased, we observe an emergence of new absorption peaks in PC spectra at energies near the bright excited states. By measuring several nanotubes with different chiralities, the energy separation between these biasinduced peaks and the 1u state of E 11 excitons is found to be inversely proportional to the tube diameter. The results show that the new peaks are the 2g and 3g dark excited states of the E 11 excitons which became optically active due to the applied fields. Furthermore, we find that a field-induced exciton dissociation model can explain the PC threshold fields, and a spectral feature that corresponds to zero threshold is interpreted as the edge of the continuum states.
The measurements are performed on air-suspended nanotube field-effect transistors, 14, 19, 24 and fabrication starts by forming trenches on Si substrates with 300-nm-thick oxide using electron beam lithography and dry etching. Another lithography step defines the source and drain electrodes on both sides of the trenches, and an electron beam evaporator is used to deposit 1 nm Ti and 30 nm Pt. Finally, nanotubes are grown over the trenches by chemical vapor deposition with patterned catalyst. 19, 25, 26 A schematic of a device is shown in the inset of Figure 1b .
Simultaneous PC and PL measurements are performed with a home-built sample scanning microscopy system. 27 Wave-length tunable Ti:sapphire laser is used for excitation, and an objective lens with a numerical aperture of 0.8 and a working distance of 3.4 mm focuses the laser onto the sample. The linear polarization of the laser can be rotated using a half-wave plate placed immediately before the lens, and an optical chopper in the excitation path modulates the laser intensity at 683 Hz. We use a lock-in amplifier to eliminate low-frequency noise and to achieve sensitive detection of PC. The source contact is connected to a virtual ground input of the lock-in, and a bias voltage V is applied to the drain contact to establish an electric field F = V/w where w is the width of the trench. 19 In order to avoid PL quenching caused by electrostatic doping, 24, 26 we also apply V/2 to the Si substrate to keep the effective gate voltage at the center of the tube to be zero.
14 PL is collected through a confocal pinhole, and an InGaAs photodiode array attached to a spectrometer is used for detection. All measurements are carried out at room temperature in air.
When a PL signal from a nanotube is observed, we first perform PL excitation spectroscopy at F = 0.00 V/μm to determine its chirality. In Figure 1a , a PL excitation map for a nanotube in a typical device is shown, where an excitation laser power P = 10 μW is used. We assign the chirality by comparing the E 11 and E 22 energies to tabulated data 27 and confirm that both of the values differ by less than 10 meV. Simultaneously measured PC and PL excitation spectra ( Figure 1b) at a low electric field of F = 0.33 V/μm confirm that the E 22 absorption resonance occurs at an identical energy of 1.66 eV, while imaging measurements (Figure 1c−e) ensure that both signals are spatially coincident at the trench. Polarization dependence ( Figure 1d ,e insets) is used to determine the angle of the nanotube, 28 and we confirm that both PC and PL show consistent behavior. These procedures ensure that the signals arise from the same individual nanotube.
After such careful characterization, electric field dependence of PC and PL excitation spectra are investigated ( Figure 2 ).
Three PL excitation spectra measured at different electric fields are shown in Figure 2a , and a more detailed electric field dependence taken from F = 0.00 to 10.00 V/μm is shown in Figure 2b . The most prominent peak observed at 1.66 eV corresponds to the E 22 exciton ground state, which does not show much field dependence. In the spectrum obtained at F = 0.33 V/μm ( Figure 2a , gray curve), we observe two weaker peaks at 1.36 and 1.48 eV which can be assigned to the 2u and 3u states, respectively. 5, 6 When the applied electric field is increased to F = 3.33 V/μm, the peak for the 3u state disappears (Figure 2a , blue curve), and with a further increase to F = 8.33 V/μm, the peak for the 2u state shows a redshift and a considerable reduction in its height (Figure 2a , red curve). The behaviors of 2u and 3u states are much more sensitive to the electric field, in contrast to the E 22 exciton peak.
In PC spectra, more significant changes are observed ( Figure  2c,d ). Under the weakest electric field of F = 0.33 V/μm, only the E 22 exciton ground state is observed (Figure 2c, gray curve) . When the applied electric field is increased to F = 3.33 V/μm, a new peak appears at 1.50 eV (Figure 2c , blue curve). This peak is close to but different from the 3u state (see Figure S1 in the Supporting Information) and is denoted as X* in Figure 2c . As the electric field is increased (Figure 2d ), we observe a blueshift of the X* peak and an emergence of another lower energy peak which we will refer to as the X peak. At F = 8.33 V/μm, the X* peak and the X peak can be seen at 1.56 and 1.39 eV, respectively (Figure 2c , red curve). We note that the X peak can also be observed in the PL excitation spectra as a faint peak (Figure 2b , Figure S2 in the Supporting Information).
A conceivable explanation for the X and X* peaks is that they are the parity-forbidden dark excited states. Since electric fields cause wave function mixing, 13, 22, 23 the dark states can become optically active. If these states dissociate into free carriers by the field, peaks can appear in the PC spectra. The X and X* peaks show up near the 2u and 3u states, suggesting that they correspond to the 2g and 3g states, respectively.
In order to examine if such a picture is reasonable, a more detailed quantitative analysis is performed. We fit each peak in the PL excitation and PC spectra in Figure 2b ,d by using a The orange, purple, red, blue, and black dots indicate spectral peak positions for the 2u, 3u, X, X*, and E 22 , respectively.
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Lorentzian plus a linear function and plot the electric field dependence of the peak heights and positions in Figure 3 . First we discuss the changes in the normalized PL intensity ( Figure  3a) . As the field increases to F = 10.00 V/μm, E 22 excitation results in only about 20% decrease while 2u-state excitation shows a reduction to about one-quarter, again highlighting the sensitivity of the excited states to electric fields. In the electric field dependence of the peak PC, different dissociation behaviors are observed for the various peaks (Figure 3c ). PC increases linearly without a threshold for E 22 excitation, indicating that built-in electric fields are negligible and excitons are spontaneously dissociating. 14 In the case of X and X* peaks, however, we observe thresholds at F = 3.33 V/μm and 0.67 V/ μm, respectively, showing that electric fields are necessary for dissociation of the underlying states. The X* peak shows a higher PC compared to the X peak, which may be due to either larger absorption cross section or more efficient dissociation.
Next we discuss the energy shifts of the peaks in the PL excitation and PC spectra (Figure 3b,d) . The peak position of the E 22 excitons do not shift so much which is similar to the behavior of 1u state of E 11 excitons, 19 while the 2u state shows a large Stark shift of about 30 meV at F = 10.00 V/μm. This is expected as the excited states generally have larger sizes compared to the ground states, and therefore they are more responsive to the applied field. Similar to the 2u state, the X and X* peaks also show large shifts of about 30 and 70 meV, respectively, consistent with the interpretation that the X and X* peaks are the excited states. We note that the dispersions of the peak shifts show different behaviors, which may be caused by complicated mixing of various excitonic states such as Kmomentum states and the E 22 state as well as the E 11 continuum.
To obtain additional data that support the assignment of the X and X* peaks, we perform PC and PL excitation measurements on various individual nanotubes with different chiralities. Three typical PC spectra that show the X peaks are plotted in Figure 4a −c. No correlation between the X and E 22 peaks are observed, showing that they are not a sideband of E 22 excitons. We fit such spectra using Lorentzian functions and plot the energy difference between the various peaks and the 1u state as a function of the tube diameter d in Figure 4d . The energy separations for the bright excited states (2u and 3u states) are inversely proportional to d, as observed previously. 5 The inverse proportionality is a characteristic of the excited states, 29 and similar dependence has also been observed for the 2g states. 30 We find that the X and X* peaks also show such a dependence, indicating that the peaks arise from the excited states of E 11 excitons. It is noted that these peaks cannot be observed in the absence of the electric fields, for all of the chiralities investigated. In addition, the X peak always appears at an energy higher than the 2u state but lower than the 3u state, and the X* peak shows up slightly above the 3u state for all nanotubes. These results confirm our interpretation that the X and X* peaks are the 2g and 3g states of E 11 excitons, respectively.
The assignment is consistent with previous work on the dark states that used micelle-wrapped tubes. The 2u states are observed at 200 meV above the 1u states by one-photon measurements, while two-photon excitation measurements have shown that the energy difference between the 2g states and the 1u states is 240 meV. 6 Since our nanotubes are airsuspended and environmental dielectric screening is weaker, enhancement of the energy separation is expected. 31, 32 Indeed, we observe the 2u states and the 2g states (X peaks) at 470 and 540 meV above the 1u states, respectively, for d = 1.00 nm tubes (Figure 4d ). These results are consistent with the dielectric constant scaling obtained for air-ambient nanotubes. 5 Note that the X peaks are typically identified at F = 5.0 V/μm where redshifts of about 20 meV have occurred. Taking into account such shifts, the ratio of the energy separations is comparable to the micelle-wrapped tubes.
We now turn our attention to PC threshold fields for the 2g (X) and 3g (X*) states (Figure 3c ) and show that they can be explained by field-induced exciton dissociation. In the presence of electric fields, bound excitons can tunnel into the continuum, and the dissociation threshold field scales as E b 3/2 where E b is the exciton binding energy. 20 The relatively large threshold field The X and X* peak positions are identified using PC spectra at the weakest electric field where they can be observed. Typical fields are F = 5.0 and 1.5 V/μm for the X and X* peaks, respectively. For the bright excitonic states, PL excitation spectra taken with F < 0.20 V/μm are used. Lines show linear fits with zero intercept, and the slopes are 471, 540, 614, and 637 meV·nm for 2u, X, 3u, and X*, respectively.
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Letter observed for the 2g (X) state can be attributed to its lager binding energy, and in general excited states farther away from the continuum should show higher thresholds. Indeed, in Figure 2d , the boundary between the blue region and the white region shows such a dependence as expected (also see Figure  S3 in the Supporting Information). The dissociation mechanism is similar to the ionization of a hydrogen atom in a field, 33 but with binding energies that is 2 orders of magnitude smaller. In comparison to bulk semiconductors, the ground state binding energy is more than an order of magnitude larger, allowing for spectroscopic study of the excited states.
Based on this analysis, we consider the point where the dissociation field becomes zero which should correspond to the edge of the continuum states. For the tube shown in Figure 2d , it is located at 1.55 eV, and the PC spectrum measured at the lowest electric field (Figure 1b) shows a shoulder above this energy. As the excited states of E 11 excitons are lower in energy compared to the shoulder, it is reasonable to interpret this spectral feature as the E 11 continuum states. Similar features are observed in other nanotubes with different chiralities ( Figure  5 ), supporting the interpretation. We note that the continuum states can only be observed clearly in certain chiralities whose E 22 excitons are sufficiently separated from the continuum edge. The direct identification of the continuum edge has been difficult in carbon nanotubes because most of the oscillator strength is transferred to excitonic resonances. In spite of such an effect, PC spectroscopy provides a way to determine the edge because of the zero dissociation fields.
In summary, we have investigated the electric field dependence of various excitonic states in individual suspended carbon nanotubes by simultaneously measuring both PC and PL. As fields are increased, optical transitions to the parityforbidden dark states of E 11 excitons are activated. The clear diameter dependence of the peak energies has been used to assign them to the 2g and 3g states. Furthermore, we have observed PC threshold fields that can be explained by fieldinduced exciton dissociation, and a shoulder in the PC spectra have been identified as the E 11 continuum states. Our findings show the strong influence of electric fields on the excited states of excitons, and may lead to nanoscale optoelectronic devices that utilize the dark excitonic states. 
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